Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates cellular responses to numerous environmental contaminants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and polycyclic aromatic hydrocarbons (PAHs).
Activation of the Human Ah Receptor by Aza-Polycyclic Aromatic Hydrocarbons and Their Halogenated Derivatives
were synthesized from corresponding chlorinated or brominated anilines by the same Skraup reaction method as for the synthesis of 5,7-diCl-Q from 3,5-dichloroaniline described in the literature. 21) Melting points were determined with a Yamato MP-500D micro-melting point apparatus without correction. Mass spectra were measured with a JEOL JMS-SX102A spectrometer.
1 H-and 13 C-NMR spectra were recorded with a JEOL JNM-lambda500 spectrometer in CDCl 3 using tetramethylsilane as an internal standard. The following compounds were newly synthesized in this study.
2-Chlorobenzo[f ]quinoline (2-Cl-BfQ): 2-Aminobenzo[f ]-quinoline 22) (114 mg) was dissolved in conc. HCl (10 ml), and to this solution was added NaNO 2 (49 mg, 1.2 eq) at 5°C. The resulting solution was added to CuCl (67 mg) in 15 ml of conc. HCl at 100°C, and was kept stirring for 1.5 h at 100°C. The reaction mixture was poured into water, neutralized with aq. NH 3 5-Chloro-1,7-phenanthroline (5-Cl-1,7-Phe): 3,5-Diaminochlorobenzene (1.0 g, 6.7 mmol), glycerol (0.4 ml, 3 eq) and sodium m-nitrobenzenesulfonate (0.42 g, 1 eq) were dissolved in 80% H 2 SO 4 (20 ml), and the mixture was stirred at 140°C for 24 h. The reaction mixture was poured into ice water (100 ml). The filtrate was neutralized with aq. NH 3 and extracted with CHCl 3 . The CHCl 3 layer was dried over anhydrous MgSO 4 and evaporated. Purification of the extract by column chromatography (aluminum oxide, benzene) and recrystallization from hexane yielded 5-Cl-1,7-Phe as white needles. Yield: 953 mg (67%). mp 118-119°C. 1 Yeast Assay for AhR Ligand Activity The YCM3 strain of yeast [8] [9] [10] [11] was grown in a synthetic glucose medium overnight at 30°C in a shaking incubator. On following day 20 ml from the saturated culture was added to 1 ml of a synthetic medium containing 2% galactose as a carbon source. Ligands dissolved in dimethyl sulfoxide were added to the medium to achieve a final solvent concentration of 0.1%. After 18 h, cell densities were determined by reading the spectrophotometric absorbance of the cultures at 595 nm, and 20 ml of the cell suspension was added to 700 ml of Z-buffer (containing 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1 mM MgCl 2 , 10 mM KCl, 2 mM dithiothreitol and 0.2% sarkosyl). The reaction was started by adding 200 ml of o-nitrophenyl-b-Dgalactopyranoside (4 mg/ml solution in Z-buffer). The samples were incubated for 60 min at 37°C. Four hundred microliters of 1 M sodium carbonate solution was added to stop the reaction. Absorbances of the reaction mixture were read in a spectrophotometer at 405 nm. The activity of b-galactosidase (referred to lacZ units) was calculated by the following formula: absorbance at 405 nmϫ1000/(absorbance at 595 nm x ml cell suspension added x min reaction time).
RESULTS
The structures of aza-PAHs examined in this study are shown in Fig. 1 . A total of 68 aza-PAHs and their halogenated derivatives were tested for AhR ligand activity by the lacZ reporter gene assay using the Saccharomyces cerevisiae strain YCM3, in which the human AhR and ARNT genes are co-expressed as previously reported. [8] [9] [10] [11] BaP, an exogenous potent AhR ligand, showed an appreciably increase of lacZ units in a dose-response manner in this assay system (Fig. 2) . To compare the activation potencies of aza-PAHs with that of BaP, the concentration of test compounds producing lacZ units equivalent to 50% of the maximal lacZ units produced by BaP was calculated from the dose-response curve, and expressed as EC BaP50 , according to the previously reported method. 23, 24) Furthermore, to evaluate the relative activity of halogenated quinolines, BhQs, BfQs, and 1,7-Phes, the value of lacZ units per mM of the test compound was also calculated from the slope of the initial linear portion of each dose-response curve because quinoline and BfQ showed unsatisfactory levels of maximal induction of lacZ units for calculating of the EC BaP50 value.
AhR Ligand Activity of Aza-PAHs The AhR ligand activities of ten aza-PAHs were assessed and compared with those of non-N-substituted parent skeletons, naphthalene, phenanthrene, chrysene, and BaP (Fig. 2) . The ligand activities of penta-and tetra-cyclic aza-PAHs, azaBaPs and DACs were much higher than that of tri-and di-cyclic aza-PAHs, benzoquinolines, phenanthrolines, quinoline, and isoquinoline, as well as that BaP and chrysene showed extremely potent ligand activities compared with phenathrene and naphthalene. With regard to the effect of the ring nitrogen atom(s) on the AhR ligand activities of PAHs, most of the aza-PAHs showed similar or more potent activities than the corresponding parent PAHs. Greatest enhancing effect (about 100-fold) on AhR ligand activity was obtained by aza-substitution at position-10 in the BaP molecule.
Halogen-Substitution Effects on AhR Ligand Activity of Quinolines The AhR ligand activities of halogenated quinolines are summarized in Table 1 , where the ratio of the number of lacZ units per mM for halogenated quinolines to that for quinoline is termed as relative activity. All the halogenated quinolines showed more than 3-fold ligand activity increases compared with quinoline. The halogen-substitution effects on ligand activity decrease in the following order regardless of the substituted position, triCl (438-and 783-fold)ϾdiBr (135-and 209-fold)ϭdiCl (58-to 176-fold)ϾBr (14-to 23-fold)ϭCl (7-to 35-fold)ϭtriF (11-to 25-fold)Ͼ diF (6-to 14-fold)ϭF (3-to 16-fold).
Halogen-Substitution Effects on AhR Ligand Activity of Tricyclic Aza-PAHs Monohalogenated analogs of eleven BhQs, four BfQs, and 4 1,7-Phes were assessed and compared with that of each parent compound. The ratio of the number of lacZ units per mM for halogenated derivatives to that for the parent compound (relative activity) ranged from 0.3-to 5.8-fold in BhQs, from 6.5-to 254-fold in BfQs, and from 1.7-to 208-fold in 1,7-Phes (Table 2) . Cl-and Br-substitution showed greater enhancing effects on AhR ligand activity than F-substitution when compared between the same position analogs, i.e., position-2 and -6 of BhQ, position-2 of BfQ, and position-9 of 1,7-Phe. 2-Cl-BhQ, 2-Br-BfQ, and 9-Cl-1,7-Phe, which are the aza-analogs of 3-halophenanthrene, showed highest AhR ligand activity among the re- AhR ligand activities were assessed by the reporter gene assay using the Saccharomyces cerevisiae strain YCM3, in which the human AhR and ARNT genes are co-expressed. Each point represents the mean of at least three analyses. EC BaP50 is the concentration producing lacZ units equals to 50% of the maximal response to BaP. spective parent compound analogs.
DISCUSSION
We measured the AhR ligand activities of ten N-containing PAHs using the yeast AhR signaling assay to investigate the PAH ring nitrogen-substitution effect on the substrate recognition by AhR. Phenanthrene was very weak as the AhR ligand compared with BaP and chrysene, though the ligand activity was altered by nitrogen-substitution in the aromatic ring(s) position-selectively. The ligand activity of phenanthrene was significantly potentiated (about 10-fold) by nitrogen-substitution in position-4 (BhQ) and position-1 and -5 (1,7-Phe), moderately enhanced by nitrogen-substitution in position-1 (BfQ), and not at all affected by nitrogen-substitution in position-1 and -8 (4,7-Phe). BhQ and 1,7-Phe have a nitrogen atom in the bay-region of the molecule, while BfQ and 4,7-Phe do not have one in the bay-region. The result suggests that the N atom in the bay-region is more effective in enhancing the ligand activity than the non-bay-region N atom. Similar enhancing effects by the bay-region N atom(s) were observed in chrysene and BaP. 4,10-DAC, in which two N atoms are located in the bay-region, showed a higher ligand activity than chrysene and 1,10-DAC, in which one N atom is located in the bay-region and the other N atom is located in the non-bay-region. Furthermore, two azaBaPs, 6-azaBaP and 10-azaBaP, showed much higher ligand activities than BaP, and the enhancing effect on ligand activity by Nsubstitution at position-10 (bay-region) was higher than that at position-6 (non-bay-region).
Quinoline, isoquinoline, and naphthalene were about three orders of magnitude less active than BaP. The ligand activity of quinoline was augmented by halogen-substitution 3-to 783-fold. When the enhancing effect of the halogen substituent of quinoline on the AhR ligand activity was compared, chlorine and bromine atoms were more effective than the fluorine atom. Additionally, the enhancing effect on the ligand activity is dependent on the number of the halogen substituents regardless of the substituent position.
A similar result has been reported in polychlorinated naphthalene derivatives, and it is known that the AhR ligand activity of naphthalene is remarkably potentiated by substitu- Each value is the mean of at least three analyses. a) Concentrations producing lacZ units equal to 50% of the maximal response to BaP. b) Calculated from the slope of the linear portion of each curve near the origin. c) Relative values of lacZ units/mM of each compound compared to Q. tion by more than 3 chlorine atoms. 25, 26) It is well known that a majority of potent AhR ligands (e.g., TCDD) are very lipophilic and could fit into a rectangle of 6.8ϫ13.7 Å. 27, 28) Quinoline is less lipophilic and smaller in molecular size than TCDD. The enhancement of the AhR ligand activity by oligochlorine-or oligobromine-substitution in quinoline might be explained by the increases of lipophilicity and molecular size.
In N-containing tricyclic aromatic hydrocarbons, BhQ and 1,7-Phe showed similar AhR ligand activities and BfQ showed a slightly lower ligand activity than BhQ and 1,7-Phe. However, halogen-substitution effects on the AhR ligand activity in BhQ were much lower than those in BfQ and 1,7-Phe. The AhR ligand activity of BfQ was considerably increased by 2-Cl-substitution (94-fold) and 2-Br-substitution (254-fold) and 5-and 9-Cl-substituion greatly potentiated the ligand activity of 1,7-Phe (189-and 208-fold, respectively), while the effects of Cl-and Br-substitution on the ligand activity of BhQ were only from 2.2-to 5.8-fold potentiation. Furthermore, the ligand activity of BhQ decreased by 66% (to 0.34-fold) by 10-F-substitution. These results suggest that the optimal positionalrelationship for potentiation of the ligand activity exists regarding the position of the nitrogen atom in the aromatic ring and the position of the halogen substituent in N-containing tricyclic aromatic hydrocarbons.
With regard to the position specific effect of halogen-substitution on the AhR ligand activity in BhQ, the halogen atom at position-2 was most effective in both cases of fluorine-and chlorine-substitution. Similarly, 2-F-BfQ showed a higher ligand activity than 7-F-BfQ and the ligand activity of 9-F-1,7-Phe was higher than that of 6-F-1,7-Phe. 2-F-BhQ, 2-F-BfQ, and 9-F-1,7-Phe have the common structure of the aza-analog of 3-fluorinated phenanthrene. This finding suggests that the position-3 of phenanthrene is best suited as the site of halogen substitution for potentiation of AhR ligand activity in azaphenanthrenes. In fact, 2-Cl-BfQ, 2-Br-BfQ, and 9-Cl-1,7-Phe showed potent AhR ligand activities (EC BaP50 ϭ1.3, 0.7, and 0.4, respectively) equal to or higher than that of BaP (EC 50 ϭ1.4). This result indicates that the AhR ligand activity of N-containing polycyclic aromatics might be markedly enhanced by substitution with only one halogen atom.
In conclusion, the present study on the series of N-containing polycyclic aromatics and their halogen-substituted derivatives provides further basic data to better understand the ligand recognition mechanism of AhR and will be useful for prediction of the toxicity of some structurally related environmental pollutants.
